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Abstract
PAN is a scientific instrument suitable for deep space and interplanetary mis-
sions. It can precisely measure and monitor the flux, composition, and direc-
tion of highly penetrating particles (>∼100 MeV/nucleon) in deep space, over
at least one full solar cycle ( 11 years). The science program of PAN is multi-
and cross-disciplinary, covering cosmic ray physics, solar physics, space weather
and space travel. PAN will fill an observation gap of galactic cosmic rays in the
GeV region, and provide precise information of the spectrum, composition and
emission time of energetic particle originated from the Sun. The precise mea-
surement and monitoring of the energetic particles is also a unique contribution
to space weather studies. PAN will map the flux and composition of penetrat-
ing particles, which cannot be shielded effectively, precisely and continuously,
providing valuable input for the assessment of the related health risk, and for
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the development of an adequate mitigation strategy. PAN has the potential to
become a standard on-board instrument for deep space human travel.
PAN is based on the proven detection principle of a magnetic spectrometer,
but with novel layout and detection concept. It will adopt advanced particle
detection technologies and industrial processes optimized for deep space appli-
cation. The device will require limited mass ( 20 kg) and power ( 20 W) budget.
Dipole magnet sectors built from high field permanent magnet Halbach arrays,
instrumented in a modular fashion with high resolution silicon strip detectors,
allow to reach an energy resolution better than 10% for nuclei from H to Fe
at 1 GeV/n. The charge of the particle, from 1 (proton) to 26 (Iron), can be
determined by scintillating detectors and silicon strip detectors, with readout
ASICs of large dynamic range. Silicon pixel detectors used in a low power set-
ting will maintain the detection capabilities for even the strongest solar events.
A fast scintillator with silicon photomultiplier (SiPM) readout will provide tim-
ing information to determine the entering direction of the particle, as well as
a high rate particle counter. Low noise, low power and high density ASIC will
be developed to satisfy the stringent requirement of the position resolution and
the power consumption of the tracker.
Keywords: cosmic ray, solar energetic particle, space weather, space
radiation, space travel, magnetic spectrometer, silicon tracker
1. Introduction
PAN, for Penetrating particle ANalyser, is an energetic particle detector for
deep space application based on an innovative concept, aiming to make ground-
breaking measurements crucial for space science and interplanetary exploration.
It is a scientific instrument based on innovative concepts and technologies to fill
an observational gap of energetic particles in deep space, outside the Earth’s
magnetosphere. PAN is a generic instrument specifically designed to be de-
ployed on any deep space and planetary mission, even on future commercial
interplanetary expeditions, with relatively low weight (20 kg) and low power
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consumption (20 W). One possible mission opportunity is the Lunar Orbital
Platform-Gateway (LOP-G)1 , the lunar-orbit station being developed by NASA
and international partners.
PAN will, for the first time, precisely measure and monitor over at least one
full solar cycle ( 11 years) the spectra, composition, and incoming direction of
highly penetrating particles (>∼100 MeV/nucleon) in deep space. Previous and
current instruments cannot perform these measurements either because they are
not operating in deep space, e.g. PAMELA (Picozza et al., 2007) and AMS-
02 (Lubelsmeyer et al., 2011), or because the technologies used are not capable
to precisely measure particle energies above a few 100 MeV/n, e.g. SOHO2 ,
ACE (Stone et al., 1998) and the GOES3 series of satellites. The science of
PAN is multi- and cross-disciplinary, covering cosmic ray physics, solar physics,
space weather and human space travel. PAN provides the enabling technology
that will lead to ground-breaking measurements in these areas:
• Perform, for the first time in deep space, precise flux and composition mea-
surements of Galactic Cosmic Rays (GCR) in the 100 MeV/n to 20 GeV/n
range, to further investigate the origin of these populations, and their
propagation in the Galaxy and in the solar system.
• Monitor, over at least one full solar cycle (∼11 years), the GCR properties
and correlate their variations with other solar observations, in order to
investigate, in detail, the interplay between solar activity and the GCR
propagation.
• Provide the first precise measurements of the flux, composition and arrival
time at 1 AU (Astronomical Unit), outside the Earth’s magnetosphere, of
Solar Energetic Particles (SEP) in the 100 MeV/n – 20 GeV/n range, dur-
ing relativistic SEP events, associated with solar flares and Coronal Mass
1https://www.nasaspaceflight.com/tag/lop-g/
2https://sohowww.nascom.nasa.gov/
3https://www.nesdis.noaa.gov/GOES-R-Series-Satellites/
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Ejections (CMEs). These measurements will allow to better determine the
SEP energy spectrum during a specific event and, subsequently, to better
understand the physical processes leading to SEP production and trans-
port in the interplanetary space. The PAN measurements, therefore, are of
paramount importance for determining both the detailed properties (e.g.
spatial and energy distribution) of SEPs during different space weather
conditions, as well as the acceleration mechanisms responsible for their
generation. In this context, PAN will be an important asset for circum-
terrestrial space weather monitoring, providing at the same time unique
observational feedback for in-depth scientific research in Solar-Terrestrial
physics.
• By monitoring the deep space radiation environment continuously over a
long period in a unique energy band outside the Earth’s magnetosphere,
with the possibility of pointing to any direction, PAN will be able to
function as a space environment monitoring asset providing important in-
formation on the charged particle populations in the near-Earth space and
long-term variability of their properties. The PAN data, therefore, will be
a significant add-on for the development of global space weather models for
long-term forecasting, based on the multi-wavelength and multi-messenger
observations approach, in the context of both circum-terrestrial and plan-
etary space weather. Moreover, understanding space conditions ”at large”
is a concept that is missing from current space weather models.
• Particles above 100 MeV/n cannot be shielded effectively thus posing se-
rious health risks for human planetary exploration. PAN can provide
real-time flux information that can be correlated with other in-situ radi-
ation protection measurements to assess the health risks, and to develop
mitigation strategies. Once its performance will be validated, PAN has
the potential to become a standard on-board instrument for deep space
manned missions.
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2. Science objectives
Cosmic rays, or energetic particles coming from the outer space, were discov-
ered more than one hundred years ago (e.g. Hess’ balloon flight in 1912). The
study of cosmic rays has resulted in many discoveries in fundamental physics
and space science (e.g. Anderson’s discovery of the positron in 1932), and more
recently, have contributed significantly to the understanding of the radiation
environment near Earth and in the interplanetary deep space (e.g. AMS-02,
SOHO, ACE, Voyager 1 and 2). Today, it is well established that space particle
radiation comes mainly from 3 sources: particles trapped in the geomagnetic
field, particles originating from the Sun, referred to as Solar Energetic Particles
(SEPs), and Galactic Comics Rays (GCRs), the precise origin of which is still
unknown. In deep space, the trapped particle contribution can be neglected,
leaving only the SEPs and the GCRs as main contributors.
In the absence of SEP events, GCR radiation is the dominant particle source
above a few hundred MeV, consisting of mainly protons and Helium nuclei, but
also heavier nuclei produced in stellar nucleosynthesis and through the interac-
tions of GCRs with the interstellar medium. In deep space the GCR flux below
a rigidity4 of 20 GV is strongly affected by solar activity through the solar
wind.
The energetic particle environment at the Low Earth Orbit (LEO) has been
studied in great detail, in particular since the launch of the PAMELA satellite in
2006 and the installation of the AMS-02 spectrometer on the ISS in 2011. The
left panel of Figure 1 shows the evolution of the proton spectra from the mini-
mum to the maximum activity of solar cycle 24, measured by PAMELA in the
near Earth space (similar measurements covering a more extended period, but
with a higher rigidity threshold was reported by AMS (Aguilar et al., 2018).
4The (particle) magnetic rigidity is defined as the momentum of a charged particle divided
by its charge: R = pc/Ze, in unit of GV, if the momentum unit is GeV/c. Particles with
different properties (e.g. proton, He nuclei, etc.) will trace out the same trajectories in a
static magnetic field provided that they have the same magnetic rigidity.
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In deep space, however, only particles with energies below a few 100 MeV/n
have been precisely measured; indeed, this low-energy particle component has
been measured continuously over more than 17 years by the CRIS instrument
on NASA’s ACE mission. In addition, the HET instrument on Voyager 1 (Stone
et al., 2013) has been sampling the GCR flux across the heliosphere in an energy
range up to 500 MeV/n. While the particle flux above 20 GeV/n, predominantly
from GCR, is largely unaffected by the geomagnetic field and the solar modu-
lation, thus allowing the PAMELA and AMS measurements to be extrapolated
into deep space, the same is not true for particles below this 20 GeV/n threshold.
A precise measurement of particle flux between 100 MeV/n to 20 GeV/n in
deep space is therefore missing (for a review of the current and planned particle
observation missions, see e.g. reference (Laitinen, 2016)). PAN is designed to
fill this gap, allowing to measure the particle flux in deep space in this energy
range with unprecedented precision in terms of energy, composition, as well as
short and long-term time variations. As shown in Figure 1 (Right), the total
flux of GCR protons expected at 1 AU (Astronomical Unit) in deep space is
about 0.2–0.3 particle/(cm2sr·s), estimated with the ESA’s SPENVIS5 toolkit.
For an instrument with a geometrical acceptance (or Geometrical Factor, GF)
of 10 cm2sr, a rate of a few Hz is expected, which is sufficient for the GCR
studies. Therefore, the design GF value of PAN is chosen to be 10 cm2sr.
SEPs are bursts of energetic particles consisting mainly of electrons, pro-
tons and some heavier ions (e.g. He - Fe) with energies ranging from a few
tens of keV/n up to several GeV/n (Malandraki and Crosby, 2018). SEPs
are believed to be accelerated at the flare reconnection sites or/and at shocks
driven by CMEs propagating through the solar corona and in the interplan-
etary space. Relativistic SEPs in the Earth’s atmosphere can produce show-
ers of secondaries with sufficient energy to be detected by ground-based neu-
tron monitors, generating Ground Level Enhancement (GLE) events (e.g. the
event on January 20 2005 (Plainaki et al., 2007)). GLE events, therefore, are
5https://www.spenvis.oma.be/credits.php
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Figure 1: (Left) The evolution of the proton spectra from the minimum to the maximum
activity of solar cycle 24, from 2010 January (blue) to 2014 February (red) measured
by PAMELA(Martucci et al., 2018) near Earth. (Right) The integral and differential
proton and Helium nuclei fluxes at 1 AU outside the Earth’s Magnetosphere estimated
with the SPENVIS toolkit.
the manifestation of very intense solar activity requiring acceleration processes
that produce SEPs with energies ≥500 MeV/n upon entry in the Earth’s at-
mosphere (Plainaki et al., 2014). One open science question, concerning the
physics of SEP events, is the nature of the particle acceleration process. Several
sophisticated mechanisms have been invoked (Aschwanden, 2002; Giacalone and
Ko´ta, 2006; Reames, 1999), based often on the observational characteristics of
the resulting SEP populations, to explain this acceleration such as the resonant
wave-particle interactions occurring in conjunction with magnetic reconnection
in the flare region, first-order Fermi acceleration, and shock-drift acceleration.
However, the SEP flux profile is the superposition of particles accelerated at
different locations (e.g. flare region and interplanetary space). Therefore, it
is often difficult to disentangle the role of each acceleration mechanism and its
relative efficiency, especially due to the fact that the available observations are
often limited to the lower part of the energy spectrum (e.g. below GeV/n). As a
result, at present, the principal acceleration mechanisms for SEPs are still under
debate. PAN is designed to provide the much needed new input to improve the
current SEP solar physics models and to revisit the proposed SEP acceleration
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scenarios.
SEP events are an important feature of solar-terrestrial physics and space
weather; they have been closely monitored directly in space, for example cur-
rently by SOHO/EPHIN (Mu¨ller-Mellin et al., 1995), ACE/CRIS and GOES-
16/SEISS6 . However, energetic particles above 100 MeV/n have not been pre-
cisely measured outside the Earth’s magnetosphere, and most of the time only
integrated flux is available. PAN will remedy this situation by providing the
technology to measure continuously, precisely and in all directions (in scanning
mode) these particles.
High-energy protons during the most intense SEP events can pose significant
radiation hazards for astronauts and technological systems in space (Malandraki
and Crosby, 2018; Xapsos et al., 2012). Most of the radiation risk for humans
in space due to SEPs comes from proton energies above 50 MeV, the energy at
which protons begin to penetrate spacesuits and spacecraft housing (Malandraki
and Crosby, 2018). Moreover, SEP events with significant fluxes in the energy
range above 100 MeV can be a severe radiation hazard to astronauts (Reames,
2013). Therefore, knowledge of the SEP energy spectrum during such intense
space weather events is essential. PAN will have the capability to measure
the particle flux during rare but intensive relativistic SEP events (with particle
energies up to a few GeVs) to provide critical input for scientific research in
solar-terrestrial and space weather physics, with particular emphasis on the
determination of the expected radiation environment over a long time period.
In general, energetic particles above about 50–100 MeV/n, in particular
protons and nuclei, cannot be shielded effectively, thus become ”penetrating”.
These particles either pass the shielding material without losing much of their
energy, or interact deep inside the material, generating a shower of secondary
particles that can reach the protected enclosure. At LEO, the geomagnetic field
is a natural shield for particles up to 20 GV in rigidity. In deep space how-
ever, without the geomagnetic shield, penetrating particles represent a serious
6https://www.goes-r.gov/spacesegment/seiss.html
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radiation hazard for long term space travellers, even with the low flux GCRs.
The precise and long-term measurements of the flux and composition of these
particles are indispensable for the assessment of the related health risk, and
the development of an adequate mitigation strategy. Moreover, the PAN mea-
surements will provide an excellent opportunity to obtain further insights into
the SEP spatial and energy distribution and to assess their effects on plane-
tary space weather, an emerging research discipline ( (Lilensten et al., 2014),
(Plainaki et al., 2016)). In this context, it would be important to have particle
detectors such as PAN, embarked in future Solar System missions as a basic pay-
load requirement. PAN, if installed on a manned mission, such as the LOP-G,
can provide valuable experience for the crew to operate a real-time penetrating
particle monitoring tool.
The ability of PAN to distinguish positively and negatively charged particles
opens up very interesting opportunities in several research topics. For example,
knowledge of the Interstellar Spectrum (IS) of GCR positrons is essential to
understand the origin of these particles. In the low-energy range of ∼100 MeV,
uncertainties in the positron IS amount up to one order of magnitude and the
flux is subjected to large time-variation (Potgieter and Vos, 2017; Potgieter,
2013). Moreover, the existing models of solar modulation encounter problems
in describing the fluxes of leptons and hadrons under a self-consistent physical
picture. In this respect, the PAN data will provide a clean, calibrated, and
charge-sign resolved reference for the e+/e− fluxes in the inner heliosphere (at
∼1 AU). Also, in both direct and indirect search of dark matter particles, several
recent efforts are being oriented at particles masses in the ∼50–1000 MeV/c2
scale (Alexander et al., 2016). Indirect searches, however, suffer from lack of
antimatter GCR data at these energies: the best upper limits on the annihilation
rate have been found with the Voyager-1 data on the total electron and positron
flux (i.e. charge-sign unresolved) collected in the interstellar space (Boudaud
et al., 2017). PAN can provide precise GCR antiparticle measurements, allowing
to reach highly competitive limits over an extended dark matter mass range,
with strengths at the level of those obtained from the CMB.
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3. Instrument concept and measurement principle
PAN is based on the particle detection principle of a magnetic spectrometer,
with novel layout and detection concepts to optimize the measurement precision
for both high flux and low flux particles. It adapts advanced particle detection
technologies and industrial processes for their optimal application in deep space,
pushing the technological limits in several key areas. It is designed to precisely
measure the momentum, the charge, the direction and the time of galactic
cosmic rays and solar energetic particles between 100 MeV/n and 20 GeV/n. It
can also measure the integral flux of particles above 10 MeV/n.
The energy of a charged particle entering a magnetic spectrometer is derived
from the degree of bending of the particle trajectory in the magnetic field,
assuming that the particle identification is performed independently. This is
the only practical way to measure the energy of nuclei in the GeV/n range to
better than 20%. In PAN, the bending of the particle in the magnetic field is
measured by precise silicon strip tracking detectors, while the elemental identity
of the particle is determined by its charge, Z, measured with the dE/dx method
at multiple points: the tracking detectors, the time-of-flight (TOF) detectors,
and the pixel detectors.
The unique features of PAN, with respect to other spectrometer experiments
(e.g. PAMELA and AMS) are:
• Both the bending radius and bending angle are measured, which, together
with a segmented magnet system, allows to increase the geometrical ac-
ceptance and improve the energy resolution.
• The bending and the charge of the particle in the tracker are measured
by different silicon strip detectors, which allow to independently optimize
the detector and readout ASIC design for these two measurements.
• Very fine pitch silicon detectors are used to achieve the best possible po-
sition resolution in the bending direction, improving energy resolution at
high energy.
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• The thickness of the silicon detector is minimized to reduce multiple
Coulomb scattering effect, improving energy resolution at low energy.
• Silicon pixel detectors in low power settings are used to enhance high rate
capability.
• The instrument is symmetric, effectively doubling the geometrical accep-
tance for isotopic particles such as GCRs.
These new features allow to produce a high impact space instrument with
relative low mass and low power budget, suitable for deep space and interplan-
etary missions. The design concept of PAN is shown in Figure 2. It consists
of a cylindrical magnetic spectrometer (MS), with a fast TOF detector coupled
to a pixel detector at each end. The MS is about 44 cm long, segmented into
4 sectors and instrumented with 5 tracker modules, each consisting of 3 lay-
ers of silicon tracking detectors, two to measure the bending plane coordinate
(StripX), one for the non-bending plane coordinate (StripY). Two StripX layers
per module are implemented in order to measure the bending angle of a particle
after having traversed a magnet sector. Immediately after the TOF detector is
a silicon pixel detector (Pixel) in low power settings with high rate capability, in
order to maintain the detection capabilities for even the strongest solar events.
The TOF and StripY detectors provide the trigger signal, as well as the timing
information to determine the entry end of the particle. They are also capable
of measuring charge of the particle up to Z = 26.
The PAN instrument concept is robust, scalable and modular, with high
redundancy for position, charge and time measurements. Measuring modules
can be made mechanically independent from the magnet, allowing them to be
exchanged in view of a possible extension of the instrument lifetime.
The key functionalities and components and the associated challenges of the
PAN instrument are described in more detail below.
Spectrometer (magnet and silicon tracker). The dipole magnet sectors will be
built from Halbach arrays of high field NdFeB permanent magnet, instrumented
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Figure 2: a) A drawing of the PAN instrument. b) Exploded view showing the baffle,
the TOF module coupled to the Pixel module, the tracker module and part of a
magnet sector. c) Exploded view of a tracker module showing the 2 StripX layers with
a support frame in between, and the StripY layer after the second StripX layer.
in a modular fashion with fine pitch silicon strip detectors in the bending plane,
allowing to reach an energy resolution better than 10% for nuclei from H to Fe
at 1 GeV/n. The Halbach (Halbach, 1979) scheme is an elegant and flexible way
to produce an enclosed and uniform magnetic field by arranging small pieces of
permanent magnets according to a well-defined formula. The key parameters of
the spectrometer are the magnetic field strength, the total length of the magnet,
the thickness of the tracking detectors (StripX, StripY), and the position reso-
lution of the silicon strip detector in the bending plane (StripX). The challenge
is to use fine pitch (25 µm) and thin (150 µm) silicon strip detectors to reach
a position resolution of 2 µm, which has not yet been achieved with long strips
of 10 cm. The density of the readout channel (up to 4000 channels per 10 cm)
is pushing the detector fabrication and assembly technology to their limits.
Particle identification. The charge of the particle can be determined by measur-
ing the energy deposited in different layers of the detector (the dE/dx method):
scintillating detectors (TOF), pixel detectors (Pixel) and silicon strip detectors
(StripX, StripY). The multiple measurement points allow the full Z range, from
Z = 1 to 26, to be optimally covered, reaching a resolution of 10-20% of Z. The
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main challenge is the large dynamic range required for the readout system. In
particular, the readout ASICs for the StripY detectors has to be able to provide
a dynamic range of about 1×105.
Pixel detector. It will be the first time that a large area active silicon pixel de-
tector is used in space. The challenge is the power consumption due to the large
channel count. PAN will profit from the latest advances on power management
schemes of active pixel detector, in particular the Timepix7 series detectors.
Different power saving scenarios will be investigated. Using a pixel detector
with PAN allows to maintain particle identification capabilities at very high
rates, even during very strong solar events, which is very important for solar
physics and space weather studies.
Time-Of-Flight (TOF) detector. Fast plastic scintillators with silicon photomul-
tiplier (SiPM) readout will provide timing information to determine the entering
end of the particle. The TOF detector will measure the charge of the particles,
provide a time of flight measurement with a precision of 100 ps, and provide
a high rate (up to 10 MHz) counter for particles above 10 MeV, particularly
important during solar events.
Readout ASICs. Low noise, low power, high density, large dynamic range Ap-
plication Specific Integrated Circuits (ASICs) need to be developed to satisfy
the stringent performance requirements within the programmatic constraints.
4. Instrument design consideration and performance assessment
Energy measurement. Magnetic spectrometer is a proven detection technology
to measure the particle rigidity, thus energy, for energy between 100 MeV/n
and 20 GeV/n (e.g. PAMELA and AMS-02). The classical ∆E–E method used
by many deep space instruments (e.g. the CRIS instrument on ACE) cannot be
applied in this energy range since particles start to shower in the detector, so the
7https://medipix.web.cern.ch/
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energy resolution is unavoidably degraded by the showering process. In addition,
a very thick, thus heavy, calorimeter would be needed to stop the particle to
measure the total energy. The MS method, on the other hand, detects the
bending of a charged particle in a magnetic field to measure its rigidity, from
which the energy can be derived, if the identity of the nucleus is determined
independently by its charge measured by the charge detectors. In this case the
rigidity resolution, thus the energy resolution, has 2 contributions. One, called
measurement effect, is related to the magnetic field (strength and length) and
the tracker precision, and it increases with momentum. The other, due to the
Multiple Coulomb scattering (MCS), is related to the thickness of the detector,
and it decreases with the particle momentum. Thanks to the technological
advance in particle detection technology in the last decade, reliable thin silicon
detectors with very good position resolution are now commercially available.
With appropriate instrument design, it is then possible to mitigate the two
effects to achieve a good energy resolution over the desired energy range, with
a magnet of reasonable mass.
The energy resolution of the spectrometer can be estimated with the Gluck-
stern formulas (Gluckstern, 1963). Since the resolution depends on the path
length of the particle in the magnetic field, particles traversing more magnet
sectors will have better resolution, but with a reduced geometrical acceptance,
as illustrated in Figure 3.
Figure 3: Illustration of different geometrical acceptance for particle traversing 1
(black), 2 (green) and 3 (red) magnetic sectors.
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The design of PAN thus allows to compensate the worsening of the energy
resolution with increasing statistics: for high flux particles full passage events
can be used to profit from the best energy resolution, while for low flux events
the measurement precision is dominated by statistics, so accepting large number
of short passage events can bring significant improvement. The geometrical
acceptance, also called geometrical factor (GF), of the baseline layout (4 magnet
sectors of 10 cm in length and diameter, with a gap of 1 cm between sectors),
for particles passing 4, 3, 2 and 1 magnet sectors, are about 6, 10, 21 and 65
cm2sr respectively, taking into account that the instrument can detect particles
arriving from both ends. The corresponding opening angles are about 25◦, 33◦,
47◦ and 80◦.
Figure 4 (left) shows the energy resolution obtained with the baseline PAN
design with realistic parameters: magnetic field B = 0.2 T, magnet sector length
h=10 cm, bending plane position resolution δx = 2 µm, tracking detector thick-
ness 150 µm, for particles passing 4, 3, 2 magnet sectors, for 4 types of nuclei (H,
He, C, Fe). The requirement of a GF of 10 cm2sr with resolution of 20%(50%)
for H(Fe) between 100 MeV/n to 20 GeV/n can be satisfied by events passing
the 3 sectors. In fact, for particles passing 2 magnet sectors, which corresponds
to a GF of 21 cm2sr, the energy resolution is still very good (better than 30%
and 40% for proton and Fe, respectively, in the energy range of 100 MeV/n to
20 GeV/n).
Even particles traversing only 1 segment can be used since the momentum
can be measured by the bending angle method, which will have an opening angle
of 80◦ and GF=2×32.5 cm2sr. This is the reason for the two x-layer (StripX) at
each measuring station (tracker module) in Figure 2. With a nominal distance
of 10 mm between the two StripX layers, the energy resolution for nuclei is
25-50% for < 1 GeV/n, as shown in the right plot of Figure 4.
Note that the tracker is self-aligned, with a few thousand particles passing
the full length of the instrument. This requires the temperature of the instru-
ment to be stable within 1-2 ◦C per hour.
15
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Figure 4: (Left) Energy resolution as a function of energy per nucleon for proton,
Helium, Carbon and Iron nuclei passing 4, 3, 2 magnet sectors, from 100 MeV/n to
20 GeV/n, with the baseline PAN design. (Right) Energy resolution as a function of
energy per nucleon for proton, Helium, Carbon and Iron nuclei passing only 1 magnet
sector, from 100 MeV/n to 10 GeV/n.
Magnet system. The magnet system to a large extent defines the performance
and the weight of the instrument. For robustness and accessibility, the PAN
magnet is segmented into four magnetic sectors, each is a cylinder of 10 cm
inner diameter and 10 cm long, for a total length of 40 cm. The magnetic field
is generated by arranging blocks of NdFeB permanent magnet according to the
Halbach scheme to produce a dipole magnetic field. Halbach array magnets
have been successfully used in particle accelerators (Thonet, 2016) and Nuclear
Magnetic Resonance (NMR) imaging (Soltner and Blu¨mier, 2010). There are
many possibilities to arrange Halbach arrays, as shown in Figure 5. For the
PAN baseline design, a layout that is very close to the ideal case (b in Figure 5)
will be used.
The thickness of the magnet needed can be obtained by the formula B =
BrF ln(R/r), where r andR are the inner and outer radius of the cylinder, Br the
remnant field of the NdFeB magnet, B the resulting dipole field, and F the filling
factor which is a function of the number of magnet wedges (M) used to enclose
the magnetic field circumference (Halbach, 1985): F = sin(2pi/M)/(2pi/M).
Assume 16 wedges are used then F = 0.974. To generate a B field of 0.2 T with
16
Figure 5: (Left) Different layouts of Halbach dipole magnets (b), (c) (d), (e), compared
to the ideal magnet (a), from reference (Blu¨mier and Casanova, 2016).
magnets of Br = 1.4 T, an R = 5.79 cm is needed according to the Halbach
formula, so the thickness of the magnet is about 8 mm, which results in a total
magnet weight of ∼8 kg. Extra mass would be needed to support and shield the
magnet. With 1 mm Al shielding the Total Ionization Dose (TID) is expected to
be ∼20 krad for 12 years, according to the SPENVIS simulation, which should
not cause degradation of the magnet.
Figure 6 shows the 3D model of the preliminary design of the 4-sector magnet
(left), and the simulated B-field produced along the axis of the instrument
(right), which shows a field uniformity within 5% around the nominal 0.2 T.
Figure 6: (Left) 3D drawing of 1/4 of the preliminary magnet design (left) , and the
B-field along the axis of the magnet resulting from the simulation (right). Only 1/4
is designed because of the dipole symmetry.
Silicon Tracker. The bending of the charged particle trajectory (track) can be
measured precisely by silicon strip detectors, a technology successfully applied
by the PAMELA and AMS-02 missions. Both PAMELA and AMS-02 used
double-sided detectors. In view of its long operation time (> 11 years) expected
in deep space, and the stringent requirement of position resolution on the bend-
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ing plane, the more robust single sided technology will be used. Also, using
separate sensors to measure the bending plane (X) and non-bending plane (Y)
coordinates provides more flexibility for the optimization.
As shown in Figure 2, there are 5 tracker modules, each consisting of one
StripY sensor and two StripX sensors. Two StripX sensors per module are
needed to measure the bending angles between a magnet sector. The nominal
distance between the 2 StripX sensors is 1 cm; the StripY sensor should be as
close as possible to one of the StripX sensors.
For the bending direction coordinate measurement, a fine pitch strip detector
will be used. The smallest implant pitch of commercially available detectors is
25 µm. If every other strip is readout, thanks to the floating strip charge sharing
mechanism (Turchetta, 1993), it is possible to reach a position resolution around
5 µm as achieved by several experiments, e.g. by PAMELA (Straulino, 2006).
In order to have the best possible energy resolution, PAN will push this limit
by developing a silicon strip detector with 25 µm readout pitch to reach a 2
µm resolution, because with such small pitch, the deposited charge is always
shared between 2 strips, even without floating strip, so the position resolution
is improved. However, this performance has never been achieved before for a
detector with such a long strip (up to 10 cm), and such small thickness (150
µm). Preliminary discussion with a silicon detector manufacturer has confirmed
the feasibility of such design, and an innovated layout scheme is being developed
to meet the challenge of fanning out the 4000 strips over 10 cm on the sensor,
to be bonded to the readout ASICs. The total capacitance of a 25 µm pitch
strip of a 150 µm thick sensor is about 2-2.5 pF/cm according to simulation,
well suited for low noise readout ASICs.
Given the large channel count (40,000 for the full instrument) a stringent
power budget of <0.2 mW/channel is required for the readout ASIC. With
this specification the expected power consumption for the 10 StripX sensors
in the instrument will be about 8 W. A fall-back solution is to use a 50 µm
readout pitch, which still provides an energy resolution within the performance
requirement. The power consumption will be reduced by 50%, however the
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resolution for the particle passing only one magnet sector will be degraded
significantly at high energy.
The StripY sensors can have a much larger pitch because they are used to
measure the particle pointing direction, which can profit from the large lever
arm of 10 cm between two Y measurements. The baseline StripY sensor has
a pitch of 500 µm, corresponding to a position resolution of 144 µm, which
gives an angular resolution of 0.12◦, which would be more than adequate for
the PAN application. The total number of channels per sensor is 200, and 1000
for all 5 sensors in the instrument. As will be explained below, StripY sensors
are also used to measure the charge up to Z = 26, thus the power consumption
per channel is higher, up to 1 mW, for a total power consumption of 1 W.
Charge measurement. In PAN the charge of the particle (Z) is determined by
measuring the energy deposited (dE/dx) by the particle in detector layers, since
dE/dx is proportional to Z2 according to the Bethe-Bloch formula. However,
dE/dx is a quantity with large intrinsic fluctuation (described by the Lan-
dau distribution), it is essential to have multiple independent measurements, as
demonstrated by the AMS-02 and PAMELA missions. In PAN, from 7 to 17
dE/dx measurements are available, depending on the geometry, with 4 types
of detectors: the scintillator based TOF detector, the silicon pixel detector,
and the silicon strip detectors (StripX/StripY). To measure Z up to 26, the
readout system needs to have a large dynamic range (DNR), in particular the
front-end ASICs, which will have a large impact on the power consumption.
The strategy of PAN is to optimize the readout of the TOF and StripY for the
large Z measurement, which has low rate, and the Pixel and StripX for low Z
but at high rate. Multi-range readout is necessary for TOF and StripY ASICs.
The silicon pixel detector can provide unambiguous charge identification in very
high multiplicity events, particularly interesting for studying strong solar par-
ticle events. A promising candidate is the Timepix (Ballabriga et al., 2018)
series hybrid pixel detector, which has already been used in space for dosimetry
measurements (Turecek et al., 2011) and space weather analyses (Gohl et al.,
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2016) . But it needs to be re-optimized for large dynamic range and low power
consumption.
The requirement on the DNR needs also to take into account the fact that
at 100 MeV/n, the βγ of the particle is about 0.5, which leads to a dE/dx that
is 3.2 times of the Minimum Ionization Particles (MIP) at βγ ∼4, as shown in
Figure 7 (left).
Figure 7: Left) Mean energy loss (dE/dx) of Z = 1 particle in different material as a
function of βγ. (Right) Distribution of energy loss in unit length of a MIP particle
(pion of 500 MeV, βγ = 4) in different thickness of silicon. From reference (Patrignani
and Particle Data Group, 2016).
As mentioned above dE/dx follows a Landau distribution, as shown in Fig-
ure 7 (right). For 150 µm silicon, the most probable value (MPV) for a Z=1 MIP
particle is about 38 keV, which will generate 11k pairs of electron-hole, which, if
all collected, corresponds to 1.7 fC of charge. For a Z = 26 particle the MPV is
about 1.1 pC at MIP energy and 3.7 pC at 100 MeV/n. Taking into account the
large tail of the Landau distribution (0.1-2 MPV), the system needs to measure
the input charge up to 8 pC for the silicon strip detectors. The dynamic range
from 0.085 fC (1/20 of MIP charge) to 8 pC is 1x105. Similar dynamic range is
required for the TOF readout system. Note that the identification of electrons
is straightforward since they bend in the MS to a direction opposite to that of
the nuclei, and their dE/dx vs. momentum behaviour is very different from that
of nuclei.
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Time of Flight measurement and the TOF detector. . The TOF detector is the
first detector encountered by particles entering the instrument. Thin window
and Multi-Layer insulation (MLI) equivalent to 600 µm aluminium will block
charged particles below 10 MeV/n from reaching the TOF, and a baffle will
be used to limit the acceptance of the TOF to the maximal acceptance of the
instrument, of 32 cm2sr. The TOF detector will be used to:
• Measure the integral flux of particles above 10 MeV during solar events.
• Provide a timing signal for the time-of-flight measurement to determine
the entry end of the particle, together with the timing signal measured by
StripY sensors in the spectrometer.
• Measure the charge of the particle, from Z = 1 to 26.
• Stop particles below 20 MeV from reaching the spectrometer.
According to the NOAA definition8 , an extreme Solar Radiation Storm,
which occurs fewer than once per solar cycle, will have a flux of about 105
proton/(cm2sr·s) above 10 MeV, which corresponds to 3.2 MHz for a GF of 32
cm2sr. Therefore, the TOF will be designed to be able to count particles up to
10 MHz.
As shown in Figure 8, the time of flight is more than ∼1.4 ns for the full
length of the MS (40 cm), and more than 300 ps for one magnet sector (10
cm), therefore a resolution of 100 ps would be sufficient to determine the flight
direction of the particle. Note that even for particles traversing only 1 magnet
sector, 7 consecutive measurements of dE/dx will be performed, which can also
be used to determine the entry direction of the particles.
The baseline design of the TOF detector is a solid plastic scintillator plate, 3
mm thick and 120×120 mm2 in size, readout by multiple Silicon Photomultipli-
ers (SiPMs), with a size of 3×3 mm2, placed on the sides of the scintillator. A
Z=1 MIP particle produces approximately 6000 scintillation photons in 3 mm
8https://www.swpc.noaa.gov/noaa-scales-explanation
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Figure 8: Time of flight of nuclei as a function of the kinetic energy per nucleon, for
particles passing the full spectrometer length (40 cm) and one magnet sector (10 cm).
The curves of different isotopes are very close to each other since their velocities are
almost the same for a given kinetic energy per nucleon.
of scintillator, only a fraction (a few percent) of these need to be collected for a
single SiPM to allow for time and charge measurements. The SiPMs are placed
equidistantly with a baseline design of 4 SiPMs per side, covering a total of
10% of the side of the scintillator. This novel readout scheme helps to suppress
the random dark noise of the SiPM by requiring coincidence of several SiPMs,
and to improve the time resolution with multiple simultaneous measurements.
It also allows for rough position measurements of the track using the relative
counting rates of the different SiPMs.
This flexible design provides many handles to optimize the timing and the
charge measurements, since a larger SiPM surface area naturally results in a
higher number of the collected photo-electrons, but decreases the intrinsic timing
capabilities (Puill et al., 2012).
Pixel. During the strongest solar events it is possible that pileup (more than one
particle entering the same detection element) will occur with the silicon strip
detector, and in particular the TOF detector, because of its relative large size.
In this case the charge measurement will become challenging. The pileup effect
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can be eliminated by using silicon pixel detectors, which have been developed
specifically for high rate environment at particle colliders up to many GHz/cm2,
with extremely low noise thanks to the small input capacitance. Thanks to its
excellent performance, this technology has now been applied to many disciplines,
including space science. As mentioned above, the Timepix hybrid pixel detector
technology has been successfully applied for space radiation monitoring and
space weather analyses (Granja et al., 2016), as well as radiation safety in the
ISS (Turecek et al., 2011).
The state-of-the-art hybrid active pixel detector is the Timepix39 , developed
within the Medipix3 collaboration. It features a cell size of 55µm×55µm, which
is more than sufficient to eliminate the pileup effect for the high rate events
of PAN, typically not exceeding MHz/cm2. A main feature of the chip is the
data-driven readout scheme, keeping most of the sensor active while reading out
only the pixel which has been triggered by a particle interaction. The per pixel
dead time is as approximately 475 ns.
The main challenge of using large area pixel detector in space for particle
detection is the power consumption. In normal operation mode Timepix3 con-
sumes about 0.5 W/cm2. To cover the surface at both ends of the spectrometer,
the total power consumption will reach 80 W, much higher than the 20 W total
power budget goal. Interestingly Timepix3 has a power saving mode that in
principle can reduce the analogue power consumption, contributing about 50%
to the total, by a factor of 10, thus effectively reducing power consumption by
half. Further power reduction on the digital side is possible by reducing the clock
speed from 200 MHz to a lower value. The time stamp resolution will worsen
from 1.56 ns but even a 100 ns resolution will not cause ambiguities in pixel hit
assignment since the tracker can link the track to the pixel hit with high preci-
sion, and the probability that the pixel detector sees 2 particles within 100 ns
is very low. A next generation chip Timepix410 is being developed with 65 nm
9https://medipix.web.cern.ch/technology-chip/timepix3-chip
10https://medipix.web.cern.ch/collaboration/medipix4-collaboration
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CMOS technology (Timepix3 uses 130 nm CMOS). Timepix4 is 4-side buttable
(Timepix3 is 3-side buttable), therefore suitable for the PAN application.
Thermal control. For a spectrometer it is crucial to have a stable temperature
to ensure the mechanical stability of the tracking system. The thermal stability
requirement is about ±2◦C per hour. This can be achieved by relying on a
passive cooling system: several heat pipes will be thermally connected to a
radiator with a stable temperature (±2◦C/hour, at a temperature as low as
possible but between −30◦C and +20◦C), installed at a suitable place on the
spacecraft. A particular care will be taken to minimize the thermal resistance
between the chips on PCB and the heat pipe connections. Note that thermal
control systems with similar requirements have been successfully implemented
on several space missions, such as PMELA, AMS-02, Fermi and DAMPE.
A stable temperature is also important for the SiPM readout since the break-
down voltage, thus the gain of the SiPM has a temperature dependence. How-
ever within the ±2◦C/hour limit the gain drift will not affect the detection
efficiency. Longer term temperature effects can be precisely calibrated with the
data itself which provides clear photo-electron peaks. Another more elaborated
option would be to use temperated feedback control on the SiPM biasing voltage
to ensure a temperature independent gain.
5. Conclusions
The detection of energetic particles is a key component for the study of the
near-Earth interplanetary space and the space-planetary environment interac-
tions in general. From a technological point of view, the precise measurement of
energetic particles in space is an extremely challenging topic. Our study shows
that using the a magnetic spectrometer with permanent magnet, and employ-
ing the state-of-the-art particle detectors, such as thin and ultra precise silicon
strip detectors, hybrid silicon pixel detectors and silicon photomultipliers, it is
possible to develop an instrument with moderate mass and power consumption,
suitable for solar and interplanetary missions, that can measure and monitor
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with great precision energetic particles in the 100 MeV/n to 20 GeV/n range,
over a long period of time. This instrument, the Penetrating particle ANalyzer
(PAN), will fill this observation gap of energetic particles in deep space, and
enable ground-braking measurements that will have strong implication for cos-
mic ray physics, solar-terrestrial physics, circum-terrestrial and planetary space
weather science and space travel.
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